A combination of satellite and in situ datasets is used to investigate the impact of interannual changes in atmospheric dust content on the sea surface temperature (SST) of the tropical North Atlantic Ocean. Throughout most of the region the authors find, in agreement with previous studies, that positive anomalies of dust are associated with a significant reduction in surface shortwave radiation (SWR), while negative anomalies of dust are associated with an enhancement of SWR. Statistical analysis for 1984-2000 suggests that changes in dustiness in the tropical North Atlantic (10°-25°N, 20°-60°W) explained approximately 35% of the observed interannual SST variability during boreal summer, when climatological dust concentrations are highest. Measurements from a long-term moored buoy in the central tropical North Atlantic are used to investigate the causes of anomalously cool SST that occurred in conjunction with a period of enhanced dustiness at the start of the unexpectedly quiet 2006 hurricane season. It is found that surface SWR varied out of phase with dustiness, consistent with historical analyses. However, most of the anomalous cooling occurred prior to the period of enhanced dustiness and was driven primarily by wind-induced latent heat loss, with horizontal oceanic heat advection and SWR playing secondary roles. These results indicate that dust-induced changes in SWR did not play a major direct role in the cooling that led up to the 2006 Atlantic hurricane season.
Introduction
During boreal summer easterly winds over Africa and the eastern tropical North Atlantic transport ϳ1.4 ϫ 10 11 kg of dust westward several thousands of kilometers over the tropical North Atlantic Ocean (e.g., Prospero and Lamb 2003; Kaufman et al. 2005; Fig. 1a) . The dust that remains in the atmosphere affects solar radiation directly through scattering and absorption (Li et al. 2004 ) and indirectly through its interaction with clouds (Mahowald and Kiehl 2003; Wong and Dessler 2005; Kaufman et al. 2005) . The direct effect tends to decrease the amount of solar radiation reaching the ocean's surface (Li et al. 2004 ). The overall impact of the indirect effect on surface radiation is less clear since Saharan dust tends to increase low-level cloudiness but may suppress deep convection (Mahowald and Kiehl 2003; Kaufman et al. 2005) .
Sea surface temperature (SST) of the tropical North Atlantic Ocean plays an important role in weather and climate, mainly through its effects on rainfall in Northeast Brazil and sub-Saharan Africa (Lamb 1978; Hastenrath and Greischar 1993; Giannini et al. 2003) , and tropical cyclone formation and intensification within the Atlantic basin (Saunders and Harris 1997; Shapiro and Goldenberg 1998; Goldenberg et al. 2001; Latif et al. 2007 ). Previous studies have attributed interannual and decadal SST variability in the tropical North Atlantic mainly to changes in wind-induced latent heat loss, with shortwave radiation (SWR) and horizontal oceanic heat advection playing important secondary roles (Carton et al. 1996; Czaja et al. 2002; Foltz and McPhaden 2006a,b) .
During the first half of 2006 SST was above normal throughout most of the tropical North Atlantic (Bell et (Bell et al. 2007 ). Lau and Kim (2007a,b) suggest that changes in atmospheric dust concentration also may have played a significant role in suppressing tropical cyclone activity in the western tropical North Atlantic during 2006. They argue that an anomalous increase in dust loading during June 2006 triggered SST cooling through coupled airsea interaction, leading to an environment less favorable for tropical cyclone development. In contrast, Evan (2007) argues that the changes in dustiness during 2006 were not large enough to significantly affect SST. On a broader scale, Schollaert and Merrill (1998) used historical satellite estimates of dust and in situ SST for the month of July to show that changes in dust content in the eastern and central tropical North Atlantic are associated with a significant reduction in the underlying SST.
The aforementioned studies are incomplete regarding the impact of changes in dustiness on tropical North Atlantic SST. For example, Lau and Kim (2007a,b) made arguments based on observed changes in dust content and SST during 2005-06 only, together with estimates of the climatological mixed layer depth (MLD). Evan's (2007) analysis also relied on a mixed layer depth climatology together with a qualitative comparison of changes in dustiness and SST during the 1980s and 1990s. The analysis region of Schollaert and Merrill (1998) was limited to narrow ship tracks in the eastern and western tropical North Atlantic, and the time period they considered covered only four years. None of the aforementioned studies performed an explicit oceanic mixed layer heat budget analysis.
In this study we use ϳ15 yr of satellite aerosol, shortwave radiation, and SST data to examine the impact of interannual changes in atmospheric dust content on the SST of the tropical North Atlantic Ocean. We expand on the results of Schollaert and Merrill (1998) through the use of a combined satellite-in situ SST product, which offers enhanced spatial and temporal coverage with respect to in situ observations. We also use in situ measurements from a long-term moored buoy in the central tropical North Atlantic Ocean, together with satellite estimates of dust concentration, to examine the impact of increased dust loading on SST leading up to the 2006 Atlantic hurricane season. We consider the mixed layer heat budget at the mooring location, expanding on the analyses of Lau and Kim (2007a,b) and Evan (2007) .
Data
A variety of satellite and in situ datasets is used in this study. Aerosol optical depth (AOD) at 380 nm was obtained from the Total Ozone Mapping Spectrometer (TOMS) on board the Nimbus-7 and Earth Probe satellites and is used as a proxy for total atmospheric dust content (e.g., Torres et al. 1998 Torres et al. , 2002 . These data are available as monthly averages on a 1°ϫ 1°grid. The Nimbus-7 data cover the period January 1980-April 1993, and the Earth Probe data are available during August 1996-December 2001. Data from 2001 are excluded owing to a spurious drift in the Earth Probe TOMS (Kiss et al. 2007 ). We also use AOD measurements at 550 nm from the Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Terra satellite (e.g., Remer et al. 2005) . This dataset consists of monthly means on a 1°ϫ 1°grid for February 2000-May 2007. Measurements from TOMS and MODIS correspond reasonably well to ground-based measurements of AOD Remer et al. 2005) . Satellite-based estimates of AOD include contributions from absorbing aerosols such as smoke and soot in addition to soil dust. However, over the tropical and subtropical North Atlantic the aerosol load is dominated by soil dust originating from North Africa (Li et al. 1996; Tegen et al. 1997; Chiapello et al. 1999) .
We also use estimates of surface shortwave radiation that are based on satellite measurements from the International Cloud Climatology Project (ISCCP) (Rossow and Dueñas 2004) and a radiative transfer model (Zhang et al. 2004 ). This dataset is available on a 2.5°ϫ 2.5°grid for July 1983-December 2004. Interannual variations of aerosol concentration are not included explicitly but are present indirectly through the classification of dust as low cloudiness in the ISCCP dataset (Zhang et al. 2004; Evan et al. 2006) .
Monthly surface and 600-hPa wind velocity data were obtained from the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE) reanalysis-2 (hereafter NCEP2), available on a 2°ϫ 2°g rid for 1979 (Kanamitsu et al. 2002 . We also use daily surface wind velocity from the SeaWinds scatterometer on board the Quick Scatterometer (Quik-SCAT) satellite. This dataset is on a 0.25°ϫ 0.25°grid and is available for 1999-2006. Two different SST products are analyzed in this study: The first is a combined satellite-in situ product, available monthly on a 1°ϫ 1°g rid for 1981-present (Reynolds et al. 2002) , and the second is from the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), available daily on a 0.5°ϫ 0.5°grid beginning December 1997 (Wentz 1997) . Horizontal ocean currents were obtained from the Ocean Surface Currents Analysis-Real Time (OSCAR). This product calculates velocity averaged in the upper 30 m of the water column using a diagnostic model and satellite estimates of surface wind stress, sea level, and SST (Bonjean and Lagerloef 2002) . The dataset is available on a 1°ϫ 1°grid every five days beginning October 1992 and is interpolated to a daily resolution for use with the mooring data described below.
In situ measurements were obtained from the northernmost moored buoy site of the Pilot Research Array in the Tropical Atlantic (PIRATA) (Servain et al. 1998 ) located at 15°N, 38°W. Measurements, begun in 1998 and continued through the present, include subsurface temperature and salinity, air temperature, relative humidity, wind velocity, shortwave radiation, and precipitation. The NCEP2 surface and 600-hPa wind velocity, together with TOMS AOD and the SWR dataset, are used to examine mean conditions and interannual variability in the tropical North Atlantic during boreal summer when atmospheric dust concentrations are highest (Fig. 1) . The SWR data, in combination with the AOD and SST datasets, are used in section 3 to examine the relationships between dustiness, SWR, and SST on interannual time scales, focusing on the time period July 1983-December 2000 when all datasets are available. Finally, QuikSCAT wind velocity, MODIS AOD, TMI SST, OSCAR currents, and PIRATA mooring data are used in section 4 to examine the conditions in the tropical North Atlantic during October 2004-September 2006, a period characterized by significant interannual variations of dustiness and SST (e.g., Foltz and McPhaden 2006a; Lau and Kim 2007a) . We also use these data to analyze the mixed layer heat budget at the PIRATA mooring location in order to assess the causes of the anomalous SST cooling leading up to the 2006 hurricane season.
Results
In this section we examine the relationships between AOD, SWR, and SST in the tropical North Atlantic.
We begin by considering mean conditions during boreal summer when dust rises several kilometers into the atmosphere over the Sahara and Sahel. The atmospheric circulation during this season is influenced by the northeasterly trade winds near the surface and the African easterly jet (AEJ) centered near 600 mb over western Africa (Fig. 1a) . Some of the dust is therefore advected westward by the AEJ and trade winds, resulting in a region of enhanced AOD (Ͼ0.3) over most of the tropical North Atlantic (Prospero and Carlson 1972; Fig. 1a) . High values of AOD south of ϳ10°N are associated mainly with smoke from biomass burning (e.g., Chatfield et al. 1998) . Surface shortwave radiation is greatest in the subtropical North Atlantic and North Africa and reaches minima over the Amazon and in the 0°-10°N latitude band of the ITCZ (Fig. 1c) .
To assess the impact of changes in dustiness on the underlying SST, we first consider the interannual variability of AOD and SWR. Anomaly time series for each variable are formed by removing the corresponding monthly mean seasonal cycle at each grid point. We find that interannual variations of AOD are strongest in the northeastern tropical North Atlantic where the boreal summer mean AOD is high (Fig. 1b) . Variations of SWR are also strongest in the northeastern basin, corresponding to the region of enhanced AOD variability (Fig. 1c) .
Next linear correlation and regression analyses are used to quantify the relationships between anomalous AOD, SWR, and SST. The analyses are performed at each grid point using two methods. The first method makes use of all calendar months, and the second uses only the June-August (JJA) mean from each year, corresponding to the season when climatological dust content is highest. Significance of the correlation and regression coefficients for each method is assessed using the 90% confidence level of a 1000-sample bootstrap test (Wilks 1995) . We have found that the spatial patterns and significance of the correlation and regression coefficients are similar for each method. We therefore discuss in detail only the JJA analyses, when the signals are strongest , and summarize the results for all months in Table 1 .
Throughout most of the tropical North Atlantic SWR anomalies are significantly negatively correlated with AOD anomalies, suggesting that enhanced (dimin- ished) dustiness is associated with a reduction (increase) in SWR (Fig. 2a) . These results are consistent with those of previous studies (e.g., Li et al. 2004) . The relationship is strongest in the eastern half of the basin, where the boreal summer mean and interannual variability of AOD are high (Figs. 1a, c) .
During boreal summer interannual fluctuations of SWR are significantly positively correlated with changes in ‫(ץ‬SST)/‫ץ‬t (which for shorthand we will write as SST t ) in the central tropical North Atlantic, suggesting that in this region SWR may be an important driver of SST (i.e., Foltz and McPhaden 2006a,b; Fig. 2c) . Negative correlations between AOD and SWR are also strong in this region (Fig. 2a) . As a result, changes in AOD are associated with significant cooling of the underlying SST that is confined mainly to the central tropical North Atlantic (30°-50°W). In this region interannual variations of dust content locally explain up to 50% of the observed SST t variability during JJA based on the AOD-SST t correlation coefficients.
To quantify the relationships between AOD, SWR, and SST t further, we consider the linear regression coefficients between these terms (Fig. 3) . To facilitate comparison between regression coefficients and to account for spatial variations in the strengths of interannual AOD and SWR fluctuations, regression coefficients are expressed in terms of a one standard deviation change in the independent variable (Fig. 1 shows the magnitude of a one standard deviation change in AOD and SWR). We find that an increase of one standard deviation in AOD is associated with a maximum decrease in SWR of 8 W m Ϫ2 off the coast of northwest Africa. The regression coefficient decreases southwestward to 3 W m Ϫ2 at 50°W, then increases to a secondary maximum near 60°W (Fig. 3a) A one standard deviation change in AOD is associated with a maximum change in SST of ϳ0.07°-0.08°C month Ϫ1 in the central basin (35°-45°W) and in the eastern Caribbean Sea between 10°and 15°N (Fig. 3b) . A change in SWR of one standard deviation has a similar impact on SST in these regions (ϳ0.08°-0.12°C month Ϫ1 ), indicating that a significant fraction of the SWR-driven SST variability covaries with changes in atmospheric dust content. The AOD-SST t regression coefficients are consistent with the estimate of Evan (2007) ). The preceding statistical analyses showed that there were significant relationships between anomalies of AOD, SWR, and SST t during 1983-2000. To examine the temporal evolution of the anomalies during this period and to assess the strengths of the relationships over a broader region, we consider time series of the JJA anomalies averaged in the tropical North Atlantic (10°-25°N, 20°-60°W). We find that there are significant correlations between the area-averaged AOD, SWR, and SST t anomalies during 1983 -2000  Table 1 ). An anomalous increase in AOD is associated with an anomalous decrease in SWR, consistent with Fig. 2 . The most striking aspect of the area-averaged time series is a sharp drop in AOD in 1989 that occurs concurrently with increases in SWR and SST t (Fig. 4) . The drop in AOD is followed two years later by an increase in AOD and a corresponding decrease in SWR. The higher than normal AOD in 1991 and 1992 is likely related to the eruption of Mount Pinatubo in June 1991. The results of the correlation and regression analyses presented in Table 1 are not significantly changed if these two years are excluded from the analysis.
In addition to considerable interannual variability, there is a downward trend in AOD and an upward trend in SWR. The SWR trend is consistent with the global analysis of Wild et al. (2005) , though a more recent analysis suggests the trend may be an artifact of changes in satellite coverage (Evan et al. 2007 ). The strength of the out-of-phase relationship between AOD and SWR on decadal and longer time scales is therefore highly uncertain. We note, however, that correlation and regression coefficients between SWR, AOD, and SST t are not appreciably changed when linear trends are excluded (Table 1 ), suggesting that covariability on interannual time scales dominates. The correlation and regression analyses presented earlier in this section (Figs. 2 and 3 ) are also similar if linear trends in AOD, SWR, and SST are removed, indicating that our results are not highly sensitive to potential long-term drifts in satellite aerosol and cloud retrievals. The relationships between AOD, SWR, and SST t are also stronger when examined for JJA than for all months. For example, when linear trends are excluded interannual variations of AOD explain ϳ35% of the SST t variability during JJA and only ϳ5% for all months based on the linear correlation coefficients (Table 1) .
The preceding analyses are based on a SST product that relies on satellite infrared measurements, which are affected by the presence of aerosols in the atmosphere. It is therefore possible that the significance of the dust-SST relationship has been overestimated since uncorrected SST retrievals would be biased low in the presence of dust (e.g., Nalli and Reynolds 2006) . To explore this possibility, we have recomputed the correlation coefficients between AOD and SST t for JJA using TMI SST, which is not influenced by aerosols. Focusing on the time period 2000-06, when MODIS AOD and TMI SST are available, we find that the dust-SST t relationship averaged over the tropical North Atlantic is slightly stronger when TMI SST is substituted for Reynolds et al. (2002) SST (correlation coefficients of Ϫ0.2 and Ϫ0.1, respectively, though neither coefficient is significant at the 10% level because of the relative shortness of the records). The similarity of the correlation coefficients suggests that the observed relationship between dust and SST is real and not an artifact of aerosol and cloud contamination of infrared SST retrievals.
Mixed layer heat balance
In this section we use in situ measurements from a PIRATA mooring in the central tropical North Atlantic (15°N, 38°W), together with satellite AOD, to investigate the impact of interannual changes in dustiness on SWR and SST. The mooring is within the main development region for hurricanes (10°-20°N, 20°-80°W) (Goldenberg and Shapiro, 1996) and is situated near the center of the African dust plume (Fig. 1a) .
During 2000-06 SST t is negatively correlated with AOD at the mooring location (Ϫ0.3, which is significant at the 20% level; Fig. 5 ), in agreement with the satellite-based results of the previous section. The SST and AOD anomalies at 15°N, 38°W are well correlated with the corresponding SST and AOD anomalies averaged over the tropical North Atlantic (10°-25°N, 20°-60°W), suggesting that conditions at the mooring were representative of the larger-scale patterns of variability (Fig. 5) .
Next (Fig. 5b) .
During the second half of 2005 SST cooled considerably in the tropical North Atlantic following record warmth in early 2005 (Fig. 6b) . The cooler conditions occurred in conjunction with enhanced AOD and wind speed throughout a large portion of the basin and warmer SST in the eastern equatorial region (Figs.  6b,c) . The direction of the anomalous winds from cooler SST in the north to warmer SST along the equator is suggestive of a coupled windevaporation-SST feedback (e.g., Chang et al. 1997 ). Lau and Kim (2007a,b) argue that changes in dustiness also may have played a significant role. They hypothesize that an increase in dust loading, through direct and coupled air-sea interactions, may have significantly cooled the SST in the western basin (40°-70°W, 15°-30°N) leading up to the 2006 Atlantic hurricane season.
To investigate the causes of the anomalous cooling between 2005 and 2006 we consider the oceanic mixed layer heat balance at the PIRATA mooring location. Following Moisan and Niiler (1998) , the heat balance can be written:
The terms in (1) represent, from left to right, mixed layer heat storage rate, surface heat flux corrected for the penetration of shortwave radiation through the base of the mixed layer, horizontal mixed layer heat advection, and vertical entrainment/diffusion at the base of the mixed layer. Here h is the depth of the mixed layer and T and v are temperature and velocity, respectively, vertically averaged from the surface to a depth of Ϫh.
We estimate h and T from subsurface temperature and salinity at the mooring, using the criterion of a 0.03 kg m Ϫ3 density increase from a depth of 10 m for h (equivalent to the criterion of a 0.1°C decrease in temperature when salinity is constant with depth). A depth of 10 m is chosen to avoid the shallow diurnal cycle, following de Boyer Montégut et al. (2004) . This mixed layer depth criterion results in mixed layers that are significantly shallower than those estimated using the 0.125 kg m Ϫ3 criterion of Monterey and Levitus (1997) , for example. Our choice of the 0.03 kg m Ϫ3 criterion is based on several factors. First, in this study we estimate horizontal advection using velocity estimates that are (Fairall et al. 2003 ) with daily buoy estimates of SST, air temperature, relative humidity, and wind speed. The use of daily values instead of 10-min values leads to a negative bias in latent heat flux (LHF) of Ͻ3 W m Ϫ1 (Foltz et al. 2003 ). This bias is small compared to the typical magnitude of interannual LHF anomalies at the mooring location (discussed later in this section). Longwave radiation emission is estimated from the Clark et al. (1974) bulk formula following the methodology of Foltz and McPhaden (2005) . The net surface shortwave radiation is available directly from the moorings, assuming an albedo of 6%. Following Wang and McPhaden (1999) , we model the amount of shortwave radiation penetrating the mixed layer as Q pen ϭ 0.47Q sfc e Ϫh/de , where Q sfc is the surface shortwave radiation, d e is the e-folding depth of shortwave radiation, and h is the depth of the mixed layer. Here we assign d e ϭ 25 m following Wang and McPhaden (1999) . The sensitivity of absorbed SWR to the choice of d e is discussed later in this section. Horizontal mixed layer temperature gradients are calculated as a centered difference over a distance of 3°u sing 3-day running means of TMI SST. These estimates are multiplied by OSCAR currents in order to estimate mixed layer temperature advection. We cannot directly compute the vertical entrainment/diffusion term, but can infer it from the residual of the heat balance.
Uncertainties for the terms in (1) are estimated using instrumental errors for the PIRATA sensors (information available online at http://www.pmel.noaa.gov/tao/ proj_over/sensors.shtml). We use error estimates for TMI SST and OSCAR currents that are based on comparisons to in situ measurements (see http://www.esr. org/%7Ebonjean/oscar/global_validation/index_files/ Atlantic.htm and Gentemann et al. 2004, respectively) . Errors in h are estimated following Foltz and McPhaden (2008) . Before investigating the causes of the anomalous cooling during late 2005 and early 2006 using (1), we first consider SST, AOD, and surface heat fluxes at the mooring location during this time period (Fig. 7) . AOD undergoes a strong annual cycle, with a peak in boreal summer that occurs ϳ3-4 months before the seasonal maximum in SST (Fig. 7a) . There is also considerable interannual variability: SST is ϳ1°C cooler during early 2006 in comparison to early 2005 and AOD is ϳ0.1 lower (Figs. 5 and 7a ). LHF and SWR also exhibit strong annual cycles, with minima in boreal winter (Fig.  7b) . The annual means and seasonal amplitudes of horizontal advection and the combination of longwave radiation emission and sensible heat loss are much weaker in comparison to those of LHF and SWR.
Next, we examine the mixed layer heat balance dur (Fig. 5) . We then calculate daily differences between 2006 and 2005 for each term in (1) (Fig. 8) .
Significant (Fig. 8a) . The largest differences in AOD occurred during February-May and were associated with significant surface SWR differences. AOD was greater during February-March 2006 and SWR was weaker (positive and negative differences, respectively, in Fig. 8a ). During April-May the situation was reversed: AOD was weaker during 2006 in comparison to 2005 and surface SWR was greater. The out-of-phase relationship between AOD and SWR during this time period suggests changes in dust content may have contributed significantly to changes in SWR. The correlation between differences in mooring SWR and AOD is Ϫ0.4 for the entire year, which is the same sign but slightly weaker in magnitude than the satellitebased SWR-AOD anomaly correlation (Table 1) . This correlation is significant only at the 65% confidence level because of the shorter time period considered. However, consistency with our historical analysis suggests a plausible physical connection between the two during 2005-06.
Changes in AOD likely contributed to changes in SST during 2006, consistent with our historical analysis.
The effect is weaker than the influence of LHF on SST, however, since SWR exerts only a secondary influence on SST (Fig. 8a) 2006 compared to the previous year, opposing the cooling effect of LHF. Finally, the correlation between the 2006 minus 2005 differences in LHF and mixed layer heat storage rate is 0.9 (significant at the 5% level), whereas the correlation between surface SWR and the mixed layer heat storage rate is only 0.1. The high positive correlation between LHF and the heat storage rate suggests that the pronounced cooling leading up to the 2006 hurricane season was driven primarily by LHF.
The SWR measurements at the mooring are affected by the buildup of dust on the radiometer (Medovaya et al. 2002; Foltz and McPhaden 2005) . To estimate the magnitude of the effect, we applied a correction to the SWR time series, following Foltz and McPhaden (2005) . Application of the correction results in an increase in SWR of 5-10 W m Ϫ2 during July-September 2006, reducing the magnitude of the surface and absorbed SWR difference terms in Fig. 8a . However, this adjustment does not significantly alter our basic conclusions.
The response of SST to changes in surface SWR depends on the depth of the mixed layer as well as the magnitude of the surface SWR, Q abs ϭ Q sfc (1 Ϫ 0.47e
Ϫh/de ). During January-August 2006 the mixed layer was generally 10-15 m shallower than during the same period in 2005 (Fig. 8c) . As a result, more SWR penetrated through the base of the mixed layer in 2006, tending to decrease the amount of SWR absorbed in the mixed layer. The contrast between surface and absorbed SWR is most pronounced during April-June when the difference in MLD between 2006 and 2005 is greatest. During these months surface SWR was stronger in 2006, coinciding with a reduction in dustiness (Fig. 8a) (Fig. 8) .
The amount of SWR penetrating through the base of the mixed layer is also sensitive to the criterion used to define MLD and to the choice of the e-folding scale for light penetration, d e . The choice of MLD criteria has the strongest impact on MLD and absorbed SWR during April-August, when the difference in MLD between 2006 and 2005 is greatest (Figs. 9a,b) . The use of a 0.125 kg m Ϫ3 criterion instead of 0.03 kg m Ϫ3 results in a reversal of the signs of the MLD and absorbed SWR differences during April-June (Figs. 9a,b) . These changes have important implications for the heat budget during this period, with differences in absorbed SWR of up to 25 W m
Ϫ2
. The use of a deeper MLD criterion also results in a stronger negative correlation between changes in dustiness and absorbed SWR. Changes in d e have a relatively minor effect on absorbed SWR in comparison to changes in MLD, with differences of at most 5 W m Ϫ2 for d e ranging from 15 to 35 m (Fig. 9c) . The choices of MLD criteria and d e do not alter the basic conclusion from the heat budget analysis, however, which is that changes in SST were driven primarily by LHF.
The sum of LHF, SWR, and horizontal advection explains changes in mixed layer heat storage reasonably well at the mooring location (Fig. 8b) . However, there are discrepancies of up to 15 W m Ϫ2 that cannot be explained by uncertainties in the terms that we estimated and are likely due partially to our neglect of vertical entrainment/diffusion at the base of the mixed layer, which we cannot estimate directly. There are also uncertainties associated with our horizontal velocity es- timates, which are averaged in the upper 30 m. These errors are difficult to quantify and are therefore not included in our formal error analysis. They are likely to be most important during January-February when the magnitude of horizontal advection is largest and the MLD is Ͼ30 m (Figs. 8a,c) .
Summary and discussion
Our results suggest that Saharan dust exerts a significant influence on surface shortwave radiation (SWR) in the tropical North Atlantic. An increase (decrease) in aerosol optical depth (AOD) is associated with a decrease (increase) in SWR, consistent with previous studies (e.g., Li et al. 2004 ). The strongest negative AOD-SWR correlations occur in the eastern half of the basin, where interannual variability of atmospheric dust content is high.
Based on statistical analyses we find that AODrelated changes in SWR affect the underlying ocean, with positive (negative) AOD anomalies associated with SST cooling (warming). The relationship is strongest and statistically significant in the central tropical North Atlantic where SWR has the greatest impact on SST. Averaged aerally over the entire tropical North Atlantic (10°-25°N, 20°-60°W), changes in AOD explain ϳ35% of the observed SST variability during June-August. A one standard deviation increase (decrease) in AOD during boreal summer is associated with a maximum SST cooling (warming) of 0.04°C month Measurements from a long-term moored buoy in the central basin were used to examine the causes of the SST differences. It was found that the cooling was caused primarily by an increase in wind-induced latent heat loss. Variations in surface SWR were negatively correlated with changes in AOD, consistent with the satellite-based results of this study. However, changes in SWR were generally weak in comparison to those of LHF so that dust-induced changes in SWR did not have a strong direct impact on SST.
The results of our historical analysis generally agree with the results of Evan (2007) and Lau and Kim (2007b) . Based on the empirical results of Schollaert and Merrill (1998) The analyses of Evan (2007) and Lau and Kim (2007b) are based on the effects of dust on surface SWR and do not take into account the penetration of SWR through the base of the mixed layer. To illustrate how accounting for penetrative radiation would affect their results using the SWR reduction and mixed layer depths that they quote, assume a decrease in surface SWR of 4 W m Ϫ2 from a climatological mean value of 300 W m Ϫ2 (Zhang et al. 2004) between June 2005 and June 2006. The penetrative component of radiation in this case would be 0.6 and 1.0 W m Ϫ2 for mixed layer depths of 25 and 15 m, respectively. These values are 15%-25% of the 4 W m Ϫ2 reduction in surface SWR associated with enhanced dustiness and would lead to only a 0.09°-0.13°C SST cooling. The results are still consistent with, but lower than, those quoted in Evan (2007) and Lau and Kim (2007b) . Evan (2007) and Lau and Kim (2007b) also neglected interannual changes in mixed layer depth, which affect penetrative radiation. We found that the mixed layer was 10 m shallower in the central tropical North Atlantic during June 2006 compared to June 2005, resulting in less SWR available to heat the mixed layer in 2006 despite more surface SWR. These results indicate the importance of considering changes in the penetrative component of radiation when quantitatively estimating the effects of dust on SST.
There are uncertainties associated with our use of satellite-based measurements of SST from infrared sensors, which are affected by the amount of dust in the atmosphere. The aerosol effect would likely lead to an overestimate of the true strength of the dust-SST/SWR relationships. There are also uncertainties associated with the buoy estimates of SWR that are caused by the accumulation of dust on the radiometers. Uncorrected, this effect would likely overestimate the strength of the dust-SWR relationship. The results of this study should therefore be viewed as an upper bound of the effects of Saharan dust on tropical North Atlantic SWR and SST. Continued satellite measurements of dust, together with satellite-based estimates of SST from microwavesensors and in situ SWR measurements from the PIRATA moorings, will help to better quantify the effects of Saharan dust on the climate of the tropical North Atlantic.
Finally, the results of this study are based on empirical analyses, from which it is difficult to address ultimate causality. For example, it is unclear to what extent changes in dust drive changes in SWR directly (i.e., through the scattering of incoming solar radiation) and to what extent other environmental factors contribute (i.e., humidity and air temperature). It is also unclear how changes in SST feed back to affect atmospheric dust content and whether interannual changes in dust concentration are strong enough to trigger coupled airsea interactions, as suggested by Lau and Kim (2007a) . Examining the results of this study in forced ocean and coupled ocean-atmosphere model simulations would be a valuable next step toward addressing these questions.
